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(57) Abstract 



A tunable electromechanical resonator structure incorporates an electrostatic actuator (66, 68) which pemiits reduction or enhancement 
of the resonant frequency of the structure. The actuator consists of two sets of opposed electrode fingers, each set having a multiplicity 
of spaced, paraUcl fingers (70. 72, 84. 90). One set (70, 72) is mounted on a movable portion (54) of the resonator structtire and one set 
(84, 90) is mounted on an adjacent fixed base (132, 134) on the substrate, adjacent ends spaced apart by a gap (86, 92). An adjustable Inas 
voltage (130) across the sets of electrodes adjusts the resonant fiequency of the movable structure. 
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CAPACITANCE BASED TUNABLE MICROMECHANICAL 
RESONATORS 

Background of the Invention 
5 The present invention relates, in 

general, to mechanical oscillators cuid resonators, 
and more particularly to timable micromechanical 
devices wherein the resonant frequency of 
oscillators and resonators can be selectively 

10 increased and decreased. 

In the field of electromechanical 
filters, high Q mechanical resonators are used to 
pass frequencies very close to the resonant 
frequency of the mechanical structure. Pass band 

15 filters can be constructed using resonators in 
parallel, where the resonant frequencies of two or 
more resonators are close together. However, even 
apparently identical micromechanical devices such 
as oscillators or resonators have variations in 

20 their resonant frequencies, even when they are 
fcUDricated on the same die, because of differences 
in materials dimensions, and the like from one 
device to the next, and due to drift over a period 
of time. This inhibits the reproduceability and 

25 the quality of such devices, and results in the 
need for a method or structure for tuning their 
resonant frequencies quickly, easily, and 
reliably. 

Pass band filters have been constructed 
30 which utilize a series of resonators in parallel, 
but techniques for adjusting their resonant 
frequencies require the use of processes such as 
laser trimming and selective deposition (see 
"Microelectromechanical Filters for Signal 
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Processing," Liwei Lin et al, proceedings IEEE 
Microelectromechanical Systems (Travemunde , 
Germany) February 1992, pages 226-231. See also 
Electromechanical Dynamics part III: Elastic and 
5 Fluid Media . Herbert H. Woodson et al, Robert E. 
Kreger Publishing Co., 1985, pages 704-707) . Such 
techniques have not been entirely satisfactory. 
In addition, previous work on the theory of 
electrostatic tuning actuators and their 
10 associated nonlinearities has been done, but such 
work only addresses resonant frequency reduction, 
not augmentation. 

Sumnarv of the Invention 

The present invention is directed to 

15 electrostatic actuators which provide a mechanism 
for electromechanically increasing or decreasing 
the stiffness and thus the resonant frequency of 
mechanical oscillators, resonators , 
accelerometers, electromechanical filters and the 

20 like. The mechanism is easily included in an 
accelerometer or other device design not only to 
compensate for variations that can occur in the 
fabrication process, but also to permit 
adjustments of device sensitivity or to 

25 selectively vary the resonant frequency to achieve 
a desired frequency response range. More 
particularly, the present invention utilizes 
electrostatic actuators for electromechanical 
filter devices which incorporate selective 

30 stiffness augmentation and reduction to allow 
selective tuning of such devices. 

Briefly, the tunable micromechanical 
resonator of the present invention is directed to 
devices such as oscillators, accelerometers, 
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filters, or the like which are mounted or 
supported for relative motion with respect to, for 
example, a substrate, and which, when driven by an 
external force, have a resonant frequency. Such 
5 devices may herein be referred to as resonators or 
micromechanical resonators. Such devices, in 
accordance with the invention, are tuned by means 
of actuators which electromechanically alter the 
stiffness of the resonator device and thus alter 

10 its resonant frequency. 

The resonator of the invention includes 
a movable released structure which may, in the 
preferred embodiment, be in the form of an 
elongated beam fabricated from single crystal 

15 silicon. The resonator is fcQ:>ricated using a 
single mask process such as that described and 
illustrated in U.S. Patent Application No. 
08/312,797, entitled "Microstructures and Single 
Mask, Single -Crystal Process for Fabrication 

20 Thereof," of Kevin A. Shaw, Z. Lisa Zhang and Noel 
C. MacDonald, filed September 27, 1994, (Docket 
CRF D-1307C) the disclosure of which is 
incorporated herein by reference. That application 
describes a single-mask, low temperature, self- 

25 aligned process for the feibrication of 
microelectromechanical (MEM) structures, which may 
be referred to as the SCREAM- 1 process (single 
crystal reactive etch and metal) . It is a dry 
bulk micromachining process which uses reactive 

30 ion etching to both define and release structures 
of arbitrary shape and to provide defined metal 
surfaces on the released structure as well as on 
stationary interconnects, pads and the like. 
Structures having widths in the range of 0.5 

35 micrometers to 5 micrometers, with structural 



depth (or height) of between about 10 and 20 
micrometers can be fabricated using this process, 
with all the structural elements, including 
movable elements such as beams and stationary 
elements such as interconnects, beams and contact 
pads defined with a single mask so that metal 
contacts can be applied to the structure in a 
self -aligned manner. 

In the SCREAM- 1 process, deep isolating 
trenches are formed completely around defined 
structures. Thereafter, the structures are 
undercut to selectively release them and to 
produce cavities at the bases of surrounding 
mesas. Thereafter exposed surfaces are metalized. 
The undercutting and the formation of cavities at 
the bases of surrounding mesas serve to break the 
continuity of the deposited metal, thereby 
electrically isolating the metal on released 
structures and on defined mesas from the metal on 
the bottom of the trenches. A dielectric layer 
isolates the metal from the underlying substrate. 
The elements defined by the trenches are 
interconnected by the metal layer so that released 
structures can be electrically connected through 
the metal layer to pads in the surrounding mesas. 
Interconnects are provided in selected locations, 
with the interconnects and pads also being defined 
by the trenches. Thus, with only a single mask, 
defined high-aspect-ratio, free-standing or 
released single -crystal silicon structures coated 
with silicon dioxide and aluminum are produced. 
The outer coating of aluminum forms electrodes 
which are used in the present invention as 
electrostatic actuators, as will be described. 

In its simplest form, the resonator of 
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the present invention consists of a mechanically 
movable component which is suspended for a motion 
with respect to a substrate. This component, 
which may be a released MEM elongated beam 
5 fcibricated from the substrate, for example, is 
suspended by suitetble flexible supports such as 
laterally extending flexible arms which moxrnt the 
movable component to the adjacent substrate and 
constrain it to motion along a selected path, such 

10 as the axis of the component* These flexible 
support arms act as springs, while the movable 
component acts as a mass which may be used to 
sense acceleration, may be used as a mechanical 
resonator, or oscillator, or for like purposes, 

15 The motion of this component may be at a resonant 
frequency which is dependent upon the mass of the 
component and the flexibility or stiffness of the 
spring -type arms. 

Tuning of the resonance of the 

20 mechanical structure is, in accordance with the 
present invention, provided by one or more 
electrostatic actuators which consist of pairs of 
comb- like fingers, each pair consisting of two 
sets of opposed fingers. One set of a pair is 

25 mounted on the mechanically movable component of 
the resonator for motion with respect to the 
opposite set, which is mounted so as to be 
stationary, and thus may be mounted on the 
adjacent mesa. The sets of fingers in a pair do 

30 not overlap or interleave, but are in an end-to- 
end spaced relationship to form a gap along a path 
generally parallel to the path of motion of the 
movable component. Thus, the fingers are mounted 
to move past each other in end- to -end relationship 

35 without contact. A voltage applied across the 



opposed sets of fingers produces electrostatic 
force fields in the gap between the ends of the 
opposed fingers, these forces being in the form of 
fringing fields at the ends of the opposed 
fingers. The fringing fields produce actuation 
forces on the opposed sets of fingers to either 
increase or reduce the axial motion of the 
component. These pairs of comb- like fingers may 
be referred to as actuator comb drives which 
incorporate finger electrodes capable of being 
activated by applied voltages. Pairs of comb 
drives may be positioned at various locations on 
the mechanically movable component, with the 
drives being connected electrically to suitable 
circuitry, preferably on the s\ibstrate, for 
independent, controlled energization. The 
actuator comb drives control the motion of the 
component to augment or to reduce its motion to 
tune the resonant frequency. The actuator may 
also be energized to drive the structure into 
motion, depending upon the voltages applied and 
their frequency. 

Comparable results are achievable with 
a variety of actuator geometries. For example, in 
addition to the above -described parallel structure 
where the resonator component moves in a path 
parallel to the actuator gap, comb drives can be 
mounted for motion of the opposed sets of 
electrodes perpendicular to the gap; i.e., toward 
and away from each other, with an applied voltage 
across the two sets controlling the force versus 
deflection characteristics. Even a single pair of 
parallel plate electrodes exhibits force versus 
deflection responses that can be used to tune the 
resonant frequency of an oscillating device. 
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However, the fringing field actuator described 
above contains a significant number of advantages 
over others, and is preferred. 

Brief Description of the Drawings 
5 The foregoing, and additional objects, 

features and advantages of the present invention 
will be more clearly understood from the following 
detailed description of preferred embodiments of 
the present invention, taken in conjxinction with 
10 the accompanying drawings, in which: 

Fig. 1 is a curve illustrating the 
frequency vs. amplitude characteristics of a 
simple resonant system; 

Fig. 2 is a curve which illustrates the 
15 frequency vs. amplitude characteristics of a band 
pass filter using parallel resonators; 

Fig. 3 is a diagram of a simple spring 
meass resoneint system; 

Fig. 4 is a diagram of a spring mass 
20 system modified by a tuning actuator; 

Fig. 5 is a curve which illustrates the 
force vs. displacement characteristics of a tuning 
actuator in accordance with the invention; 

Fig. 6 is a diagrammatic illustration of 
25 a comb-type actuator used for stiffness reduction 
in an electromicromechanical resonator; 

Fig. 7 is a diagrammatic illustration of 
a comb-type actuator used for stiffness 
augmentation in an electromicromechanical 
30 resonator; 

Fig. 8 is a diagrammatic top plan view 
of a tunable electromicromechanical resonator in 
accordance with the invention, utilizing two 
parallel electrostatic tuning actuators; 
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Fig. 9 is an enlarged partial 
perspective view of the resonator of fig. 8; 

Fig. 10 is a partial cross-sectional 
view taken along lines 10-10 of the resonator of 
Fig . 8 ; 

Fig. 11 is a deiagrammatic top plan view 

of the resonator of Fig. 8 incorporating an 

excitation electrode and a sensing electrodes- 
Fig. 12 is a diagrammatic top plan view 

of a tunable resonator utilizing perpendicular 

electrostatic tuning actuators; 

Fig. 13 illustrates a force vs. 

deflection curve for a comb actuator structure of 

the type illustrated in Fig. 12; 

Fig, 14 is a diagrammatic top plan view 

of a tunable resonator utilizing symmetric 

parallel plate actuators; 

Fig. 15 illustrates the relationship of 

resonant frequency to changes in tuning voltage 

for the actuator of Fig. 11, based on experimental 

data ; 

Fig. 16 is a replotting of the data from 
Fig. 15 to illustrate the linearity of the 
relationship between resonant frequency squared 
vs. tuning voltage squared; and 

Fig. 17 is a series of curves 
illustrating system potential energy vs. 
displacement for different bias voltages. 

Description of Preferred Embodimente 

As illustrated in Fig. 1, a high Q 
mechanical resonator produces a frequency versus 
an5)litude curve such as that illustrated at 10, 
with a peak amplitude occurring at a resonant 
frequency f^. If two or more resonators are 
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constructed in parallel with their resonant 
frequencies close together, as illustrated by the 
peaks 12 and 14 of curve 16 in Fig. 1, the 
resulting structure has a pass band such as that 
5 illustrated at 18. Because the particular 
resonant frequency or the pass band of a 
mechanical stonicture being used as a filter, for 
example, is extremeiy important, the ability to 
tune such devices becomes essential in 
10 micromechanical structures where processing 
variations will significantly impede 
reproduceability and thus the quality of such 
devices . 

As is well known, a resonant structure 
15 can be modeled by a simple spring mass system, 
such as the system 20 illustrated in Fig. 3, 
wherein the natural vibration frequency F„ is 
determined by the formula 



^system (Eq. 1) 

msLSS 



20 where Ksystem is the stiffness of the entire system, 
which in this case is the mechanical spring 22 
having a stiffness K^chanicai- The system stiffness 
can be adjusted to alter its natural frequency; in 
accordance with the present invention, the 

25 stiffness of a mechanical system is altered 
electrically, in the manner illustrated 
diagrammatically in Fig. 4. Thus, the system 20' 
includes not only spring 22, but a variable 
actuator 26 having a stiffness which may be 

30 identified as Keiectricai so that the system 20' has 
a stiffness which may be identified as: 
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^system" ^mechanical ^electrical ^ ' 

In order to construct a system that will 
perform in a manner illustrated in Fig. 4, an 
electrostatic actuator having a linear force 
versus deflection response such as that 
5 illustrated by curve 28 in Pig. 5 is provided. 
The tuning actuator has large regions where the 
forces are predominately linear with respect to 
deflection, as indicated in regions "a" and "b," 
The linear region indicated at "a" may be, for 

10 example, representative of linear hardening, or 
stiffening, while the region "b" represents linear 
softening, or a reduction of stiffness. This 
linearity mesins that the force produced by the 
electrostatic actuator can be viewed as an 

15 electrical spring wherein the magnitude of the 
spring constant can be altered by varying the 
voltage applied to it. 

The basic structure of the electrostatic 
timing actuator of the present invention is 

20 illustrated in Figs. 6 and 7, the structure of 
Fig. 6 illustrating an actuator which will reduce 
stiffness, and the structure of Fig. 7 
illustrating a structure which will augment the 
stiffness of the system. The device of Fig. 6 

25 illustrates a pair of comb-type electrodes 
generally indicated at 30 and including a 
stationary set of electrodes 32 and a movable set 
of electrodes i34. The stationary set of 
electrodes 32 includes a plurality of spaced, 

30 parallel fingers 36 mounted, secured to, on or 
formed integrally with a stationary base or 
substrate 38, while the movable set of electrodes 
34 includes a plurality of spaced, parallel 
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fingers- 4 0 mounted on, secured to, or formed 
integrally with a relatively movable structure 42. 
The fingers 36 and 40 are opposed; that is, are in 
a spaced, facing relationship, with their free 
5 ends being spaced apart by a gap 44 which is 
parallel to the direction of motion of structure 
42. The gap is sufficiently wide that the 
stationary set of electrodes 32 will not interfere 
with the motion of the movable set of electrodes 

10 34. As illustrated by the arrow 46, the direction 
of motion of the movable set of electrodes 34 is 
longitudinally along the axis 48 of the structure 
and perpendicular to the direction in which the 
fingers 36 and 40 extend. 

15 The structure of the device of Fig. 7 is 

similar to that of Fig. G, with similar components 
being numbered with primed numbers. The 
difference between the structure of Fig. 6 and 
that of Fig. 7 is in the nonalignment or alignment 

20 of the opposed fingers 36 and 40 or 36' and 40'. 
Thus, in Fig. 6, the set of electrodes 34 is 
located so that its fingers 40 alternate with the 
fingers 36 of set 32 when the actuator 30 is at 
rest. On the other hand, in the structure 30' of 

25 Fig. 7, the fingers 40' are aligned with the 
fingers 36' in the rest position. 

Upon application of a selected voltage 
across the electrodes 36 and 40 in the device of 
Fig. 6, fringing electrostatic fields are produced 

30 around the free ends of the electrodes 36 and 40, 
with the fields extending across the gap 44 
between the ends of the opposed electrodes- When 
in the rest, or neutral, position illustrated in 
Fig. 6, the movable electrode set 34 experiences 

35 no net force upon the application of a voltage V 
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and remains in the offset, or alternating position 
shown. If a mechanical force applied in the 
direction of arrow 46 deflects the electrode set 
34 to the left or to the right out of its rest 
5 position, a net force of attraction will be 
produced by the electrostatic field between 
electrodes 40 and their respective opposed 
electrodes 36, which will tend to pull the movable 
structure 34 further to the left (or further to 

10 the right) and thus will continue or aid the 
motion introduced by the mechanical force. If the 
mechanical motion of electrode set 34 is 
considered to be the equivalent of a spring-mass 
force, the electrostatic force applied by the 

15 voltage V may be considered to be the equivalent 
of a negative spring force which is applied to the 
system to reduce the overall system stiffness. 

In the device of Fig. 7, on the other 
hand, the application of a voltage V between the 

20 opposed electrodes when the device produces an 
electrostatic fringing field between opposed 
electrodes, as described above with respect to 
Fig. 6, but once again no net force is applied to 
the balanced arrangement illustrated- However, if 

25 the electrode structure 34' is moved to the left 
or to the right as illustrated by arrow 46', the 
electrostatic fringing field tends to pull the 
movable electrode back to its original aligned 
position. This behavior is equivalent to a 

30 positive spring which would tend to stiffen the 
structure. The force applied by the electrostatic 
field is linear over a small range of 
displacement, for example about 1 micrometer, 
which is more than adequate for micromechanical 

35 applications. 



wo 97/01221 PCTAJS96/10479 



13 

The principles described with respect to 
Figs, 6 and 7 are further illustrated in a 
resonator device 50 shown in top plan view in Fig. 
8 and in a partial perspective view in Fig. 9. As 
5 there illustrated, the resonator consists of an 
elongated, movable beam 52 mounted at its ends 54 
and 56 to corresponding support arms 58 and 60. 
These support arms extend laterally from the 
respective ends 54 and 56 and are connected at 

10 their outermost ends to a fixed base, which may be 
a substrate 62. The beam 52 is supported for with 
respect to base 62 motion along its longitudinal 
axis 63 in the direction of arrows 64, with 
support arms 58 and 60 being secured to hold the 

15 beam 52 in place and to constrain it to desired 
axial path. The support arms 58 and 60 have a 
high aspect ratio so they are flexible in the x-y 
plane in which beam 52 lies, and urge the beam 52 
toward a neutral rest position when no external 

20 force is applied to the beam, to thereby serve as 
restoring springs for the device. The beam 52 and 
spring arm 58 and 60 are a micromechanical 
structure preferably having micron- scale 
dimensions. The beam 52 is also fabricated to 

25 have a high aspect ratio; i.e., with a height of 
10-20/1 and a width of about 0.5-3^ to provide 
substantial rigidity in the vertical direction. 
As illustrated in Fig. 9, the beam may be 
fabricated in a box configuration for rigidity, to 

30 encible it to withstand axial forces which produce 
beam motion with respect to the substrate. The 
movable structure has a natural resonant 
frequency, which is a function of its mass and of 
the flexibility of the spring arms, when a driving 

35 force is applied. 
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The resonant frequency of the resonator 
50 is tuned, in accordance with the present 
invention, by a pair of electrostatic actuators 66 
and of the comb electrode type described with 
5 respect to Pigs. 6 and 7. Each pair of actuators 
includes a first set of movable electrodes mounted 
on, and preferably integral with, the movable 
structure of the resonator, and a second, opposed, 
set of stationary electrodes mounted on, and 

10 preferably integral with, the stationary base, or 
substrate 62. Thus the beam 52 carries a first 
set 69 of laterally extending finger electrodes 70 
and a second set 71 of laterally extending 
electrodes 72 on opposite sides of beam 52, with 

15 fingers 70 in spaced parallel arrangement along 
one side 74 of the beam and fingers 72 in spaced, 
parallel relationship along the other side 76 of 
beam 52 . The fingers are preferably perpendicular 
to the axis 63 of the beam, are aligned with each 

20 other on opposite sides of the beam, and are 
coplanar in the x-y plane 78 of the resonator. If 
desired, the finger electrodes may be fabricated 
in the box configuration illustrated in Fig. 9 for 
rigidity . 

25 Mounted on substrate 62 are two sets of 

stationary electrodes 80 and 82, set 80 
cooperating with electrode set 70 to form actuator 
66, and set 82 cooperating with electrode set 72 
to form, actuator 68. The electrode set 80 

30 includes a plurality of spaced, parallel electrode 
fingers 84 which extend toward corresponding 
fingers 70 on beam 52. Electrodes 84 are parallel 
to electrodes 70 and are non-overlapping; i.e., 
they have their free ends spaced from the 

35 corresponding free ends of electrodes 70 by a gap 
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86 which is parallel to axis 63 and which has a 
width which is sufficient to permit axial motion 
of the beam 52 without the free ends of the 
electrodes 70 contacting the opposed free ends of 
5 the electrodes 84. The gap is sufficiently small 
to produce a fringing field between the opposed 
electrodes upon the application of a bias voltage 
between electrode set 80 and its corresponding 
electrode set 69, and between electrode set 82 and 

10 its corresponding set 71. 

In the embodiment of Fig, 8, the fingers 
84 of electrode set 80 are offset from the opposed 
set 69 of fingers 70 in actuator 69, and are 
spaced equally from each other in the manner 

15 described with respect to Fig. 6. Similarly, the 
electrodes of set 82 are offset from those of set 
71 in actuator 68. It will be apparent, however, 
that by shifting the location of the fixed 
electrodes during fcQ^rication, or alternatively 

20 by shifting the location of the movable fingers on 
beam 52, the opposed electrodes can be aligned in 
the manner illustrated in Fig. 7. 

As illustrated, gap 86 extends the 
length of the opposed electrode sets 69 and 80 and 

25 is generally parallel to the axis 63 of beam 52. 
In similar manner, the set 82 of electrodes 
includes a plurality of spaced, parallel electrode 
fingers 90, the free ends of which are spaced from 
the free ends of corresponding electrodes 72 in 

30 the electrode set 71, these electrodes being 
spaced apart by a gap having a width 92 and this 
being nonoverlapping. The sets 71 and 82 of 
electrodes 72 and 90 are similar to the sets 69 
and 80 discussed above, with electrodes 90 being 

35 offset from electrodes 72 and being aligned with 
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electrodes 84 so that the actuators 66 and 68 are 
symmetrical with respect to the axis 63, 

A bias voltage applied between 
adjacent electrodes 70 and 84 and between adjacent 
electrodes 72 and 90 can be used to control the 
relative motion of the beam 52 with respect to the 
stationary substrate 62 to thereby tune the 
resonant frequency of the mechanical system 
including beam 52 and support arms 58 and 60. A 
mechanical force may be applied to the beam 52 to 
initiate oscillatory motion of the beam, which 
motion can be supplied by a drive actuator, as 
will be described hereinbelow, and the voltage 
applied to the actuators 69 and 71 is used to 
adjust the resonant frequency of the system. The 
symmetry of the actuators and their finger 
electrodes insures that no net force in the x-y 
plane is applied to the beam by the bias voltage 
when the system is at rest. 

The micromechanical device illustrated 
in Figs. 8 and 9 preferably is fabricated in 
accordance with the SCREAM- I process described in 
the above-mentioned Serial Number 08/312,797, 
which produces the released beam structure 52 with 
its lateral electrodes 70 and 72 integrally formed 
therewith and movable therewith. The beam 
structure is supported above the floor 110 of a 
cavity 112 which is formed in the substrate 62 
during the fabrication process by "the trenches 
which define the beam structure 52, the electrodes 
70 and 72, the support arms 58 and 60, and the 
stationary electrodes 84 and 90. The electrodes 
84 and 90 preferably are in the form of 
cantilevered beams extending from a side wall 114 
of the cavity 112 . 
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As illustrated in greater detail in Fig. 
10, electrode 84 extends in cantilever fashion 
from sidewall 114 and extends above the floor 110 
of cavity 112. The interior of the beam 84 is the 
5 same material of the substrate 62, preferably 
single crystal silicon, with the beam being 
covered by a dielectric layer 120 and by a metal 
layer 122 such as aluminum. During the 
undercutting step used in the SCREAM- 1 process to 

10 release the beams and the electrodes, the side 
walls are also undercut to produce a concavity 
124. The aluminum layer 122 also is provided on 
the floor 110 of the cavity, with the suspended 
beam and the undercut region 124 at the edge of 

15 the cavity providing electrical isolation between 
various regions of the metal layer. 

The metal layer 122 on the surface of 
substrate 62 may be patterned to provide 
electrical contact regions such as those 

20 illustrated at 126 through 129 in Fig. 8 for 
connection of the electrodes 70 and 72 to a 
voltage source 130. In similar manner, connector 
pads 132 and 134 may be provided. on the surface of 
substrate 62 for providing electrical connections 

25 between the electrode sets 80 and 82, 
respectively, to electrical ground, or to a 
negative voltage source (-V) , whereby a suitable 
bias voltage may be applied across actuators 66 
and 68. . 

30 A modification of the resonator of Figs. 

8 and 9 is illustrated in Fig. 11, to which 
reference is now made. In this figure, a 
resonator 140 is fabricated in a substrate 142 of 
single crystal silicon, in the manner described 

35 with respect to Fig. 8. The resonator includes a 
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movable beam 144 fabricated within a cavity 146 in 
the substrate, the beam 144 being released from 
the substrate aind mounted for motion with respect 
to the substrate on support arms 148 and 150 
located at opposite ends of the beam. 
Electrostatic actuators 152 and 154 are provided 
on opposite sides of beam 144, again as described 
with respect to Figs. 8 and 9, with the actuators 
having respective sets of opposed electrodes 
spaced apart by gaps 156 and 158. A bias voltage 
160 may be applied across actuators 152 and 154 by 
way of connector 162 electrically connected to the 
movable beam 144 and connectors 164 and 166 
connected to the stationary electrodes of 
actuators 152 and 154, for example. 

The opposed electrodes 170 and 172 of 
actuator 152 and the opposed electrodes 174 and 
176 of actuator 154 are aligned in the manner 
described above with respect to Fig. 7 in the 
illustrated embodiment, so that the applied 
voltage produces an electrostatic field between 
adjacent opposed electrodes which augments the 
stiffness of the beam 144, which is the resonant 
structure for this device. If desired, the 
electrodes can be offset, as in Fig. 8. 

Mechanical motion may be applied to the 
beam 144, in the illustrated embodiment, by an 
excitation driver 180 which consists of two sets 
of opposed, interleaved, * comb-type capacitor 
electrodes. Thus, the excitation driver includes 
a set of stationary electrodes 182 secured in 
cantilever fashion to the substrate 142 but 
extending outwardly from the substrate in a 
direction parallel to the direction of motion of 
beam 144, indicated by arrows 184. Opposed 
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movable electrodes 186 are mounted on beam 184 for 
motion therewith, with the electrodes 182 and 186 
being connected across a voltage supply such as 
that illustrated at 188. Application of an 
5 alternating drive voltage across actuator 180 
produces longitudinal, or axial motion in the beam 
144 at a frequency close to the natural resonant 
frequency of the beam as determined by the mass of 
the beam and its electrodes and the stiffness of 

10 the support arms 148 and 150, The application of 
a voltage across the actuators 152 and 154, in the 
manner described above, will tune the resonance of 
the beam 144, increasing or decreasing the 
effective spring constant of the system, in the 

15 manner described above. 

Motion of the beam 144 may be sensed by 
means of a sensor capacitor 190 having movable 
electrodes 192 mounted on beam 144 for motion 
therewith and having stationary electrodes 194 

20 mounted fixedly on the substrate 142. The 
actuator 190 consists of two comb-type electrode 
structures having their respective electrode 
fingers 192 and 194 interleaved whereby motion of 
beam 144, and thus of electrodes 192 with respect 

25 to electrodes 194, changes the capacitance between 
the adjacent electrodes. This change in 

capacitance can be detected by a suitable sensor 
196 to provide an output signal which is a measure 
of the motion of beam 144, with the frequency of 

30 the output signal being the resonant frequency of 
the system as tuned by actuators 152 and 154. The 
mechanical structure may thus act as a mechanical 
filter between the input signal 188 and the output 
196. 
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In the foregoing structures, the motion 
of the movable beam and its electrodes are in a 
direction perpendicular to the width of the gap 
between opposed sets of electrodes in each 
5 actuator and the actuators are symmetrical along 
lines parallel to the direction of motion • 
Accordingly, the tuning actuators do not produce 
a net force in either the x or y directions when 
centered, and this parallel relationship is 

10 preferred. Nevertheless, favorable results are 
achievable with other actuator geometries. Thus, 
for example, as illustrated diagrammatically in 
Fig. 12, a resonator 200 includes a movable 
microelectromechanical beam 202 mounted at its 

15 opposite ends to laterally extending support arms 
204 and 206 which serve as spring arms to confine 
the motion of the beam in a direction along its 
axis, as previously described. In this case, 
however, four tuning actuators are provided as 

20 indicated at 208, 210, 212, and 214. All of these 
actuators are comb-type structures having opposed 
electrodes, such as the electrode 216 and 218 of 
actuator 208 which are separated by a gap 220 
which extends in a direction perpendicular to the 

25 axis of beam 202. 

Application of a voltage across the two 
sets of opposed electrodes 216 and 218 produces an 
electrostatic field in the region where the 
fingers come close to overlapping. A force versus 

30 deflection plot for this actuation region is 
illustrated by curve 222 in Fig. 13, where the 
tuning region is indicated at 224 and the region 
of typical use is indicated at 226. The matching 
halves of the actuator of Fig. 12 will collide if 

35 the deflection reaches of the amount indicated by 
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dotted line 228. The voltages applied across the 
sets of electrodes in each of the actuators are 
used to reduce the stiffness of the resonator 
structure 200. 

Fig. 14 illustrates another resonator 
structure 230 wherein movable beam 232 is 
supported by lateral arms 234 and 236, as 
described above. Symmetric pairs of parallel 
plates on each side of the structure are provided 
in this embodiment to electrostatically reduce 
stiffness. Thus, laterally extending electrode 
plates 238 through 243 are mounted on arm 232 for 
motion therewith. The ends of these electrode 
plates extend between adjacent fixed electrode 
plates 246 through 253. The fixed plates are 
cantilever beams extending from the sidewall 255 
of the surrounding substrate 256, as discussed 
above with respect to Figs. 8 and 9. By applying 
a first voltage to the plates 246 through 253 and 
a second voltage to the plates 238 through 243, 
the voltages on each side of the movable plates 
nullify each other and the beam 232 will not 
experience a net force unless it is displaced from 
equilibrium. If it is displaced, the force is 
proportional to the displacement over a small 
range of displacements on the order of tenths of 
a micron. These voltages reduce the system's 
stiffness. If the displacement exceeds a critical 
value, the electrodes will cause" the movable 
structure to move too far, causing the movable 
electrodes to strike the stationary electrodes. 
However, the positive aspect of this structure is 
that it is very efficient in terms of space. 

The structure of Fig. 14 is a highly 
effective acceleration limit switch, for 
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acceleration in either axial direction will cause 
the movable structure 232 with its electrodes 238- 
243 to move toward fixed electrodes 246-253. If 
the movable and fixed electrodes get too close, 
the movable electrodes will be drawn toward the 
fixed electrodes by the applied bias voltage and 
can then be used to activate a switch such as one 
of the microswitches 260, 261 illustrated in Fig. 
14, The magnitude of the voltage applied across 
the electrodes determines the magnitude of the 
acceleration necessary to activate the switch. 

It will be understood that the 
number of electrodes shown in each of the drawings 
is for purposes of illustration only. It is 
preferred that large numbers of electrodes be used 
in each actuator to provide the required 
sensitivity. Further, dense arrays of actuators 
can be constructed with a large linear range of 
operation with the opposed electrodes being 
fabricated either in or out of alignment to 
provide stiffness augmentation or reduction, 
respectively. 

The governing equation of motion for a 
resonator with all the mechanical system 
components on the left hand side, and all the 
electrostatic actuator components on the right 
hand side is as follows: 

in*+c*+icx=F(x V^) {Eq. 3) 

The forcing function, F(x(t) V' (t) ) , with time t, 
displacement x, and voltage consists of an 
excitation force and a passive tuning actuator 
force, each supplied by a separate actuator: 
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FUy, V)=F^,,,,U V^)+F,„^„^U V) (Eq. 4) 

By proper design of a tuning actuator, it is 
possible to obtain a passive tuning force, Ftuaing, 
that is proportional to the displacement, x, where 
the constant of proportionality isdesignated as - 
5 Kiec Through a simple rearrangement of terms we 
arrive at the following equation: 

mx^CX^ Ik^ah^k^lec) X^^excite V^) (Eq . 5 ) 



which can be used to determine the effective 
resonant frequency of the electromechanical 
system . 



^mecH^^eiec^" (Eq. 6) 

in 



10 where the relation keiec=K°eiecV^ / is used to 
explicitly show the voltage dependence of the 
actuator's forcing function. 

Experiments were carried out in a 
scanning electron microscope to test the operation 

15 of a resonator such as that illustrated in Figs. 
11. In that device, the bias voltage supplied to 
the tuning actuator was varied over a range from 
0 to 75 volts, and at each step an excitation 
voltage of approximately 1.5 volts was applied to 

20 a driver such as drive 180 in Fig. 11, with the 
voltage being swept over a suitable range of 
frequencies. Resonance of the beam; for example, 
beam 144 of Fig. 11, was determined by selecting 
the frequency at which the vibration amplitude was 

25 a maximum. Care was taken to ensure that the 
amplitude of vibration was low enough to avoid the 
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frequency versus amplitude hysteresis that is 
associated with nonlinear stiffness components . 
Figure 15 illustrates the results for two tunable 
oscillators which only differ in their tuning 
5 actuator geometries. Mechanically, both 

oscillators were designed to have identical 
stiffness and mass. However, in the absence of 
applied potential, the difference between the 
resonant frequencies was on the order of 10%. As 

10 implied by equation 6, plotting the square of the 
natural frequency as a function of the voltage 
squared would ideally yield a straight line. 

Fig. 16, which is a replot of the data 
shown in Fig. 6, verifies this prediction. Force 

15 versus deflection plots for infringing field comb 
structures were also calculated using a CAD 
package called "High Aspect Ratio Simulation 
Package . " These plots were calculated for 

stiffness increasing and stiffness decreasing 

20 actuators, and the calculated results are compared 
to those determined from the experimental data in 
the following: 1: 

TABLE 1 

[N/(mV2)] Reduction 
25 Augmentation 

Simulation 9 . 8x10-4 

9.0x10-4 

E:5)eriment 8.3x10-4 
1.20x10-3 

30 Comparison 18% io% 

The difference between the simulation and the 
experimental results is primarily attributed to 
the sensitivity of the electrostatic actuator to 
the gap, to the assumptions inherent in the 
35 calculations, and to the uncertainty in the total 
mass of the structure. 
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For simplicity, the tunable resonator 
has been considered to be a simple spring mass 
system where the nonlinearities in a mechanical 
system and the passive tuning actuators were 
5 ignored. However, a careful review of Fig. 5 
reveals that the two linear regions "a" and "b" 
are of different lengths. This means that they 
have a different cubic term in the equation: 

F=iCiX+Jt3Jf^+. . . (Eq. 7) 

By applying a voltage to a stiffness augmentation 
actuator or a stiffness reduction actuator, the 
linear term is unaffected, while the cubic term is 
tuned. In most mechanical systems, a positive 
cubic restoring force exists, and in many cases 
this is undesirable. Using the tuning actuator of 
the present invention, it is possible to reduce 
the cubic term and even cause it to become 
negative. More specifically, the stiffness 
reduction and stiffness increasing actuators will 
contribute negative and positive cubic stiffness 
contributions, respectively. A theoretical set of 
stiffness values for the stiffness reduction 
actuator is shown in Table 2 and their respective 
places in the governing equation of motion is 
illustrated in Equation 8 : 

(Eq. 8) 



10 



15 



20 



TABLE 2 



Kech 2.6 N/m 

'7n«ch 9.2 10" N/m^ 

keiec" 9.8 10-'*N/(mV 

Veiec^ 1.2 lOWin(in^V^) 

m 2.4 10-"kg 

c 200 s-^ 



Potential energy plots of the 
electromechanical system described hereinabove 
provide a visual tool in describing the behavior 
of the system. Figure 17 is a potential energy 
diagram of the frequency reduction actuator shown 
in Fig. 11. Under zero bias voltage across the 
actuator electrodes, the potential energy plot of 
curve 270 exhibits a single "well" containing 
quadratic and quartic terms from the mechsuiical 
system. As the bias voltage is increased, the 
concavity of the well is decreased. This results 
in the frequency reduction tuning described above. 
As the bias voltage is increased further, the 
concavity of the well eventually changes sign, as 
illustrated by curves 272 and 274, and the single 
equilibrium point bifurcates into a pair of 
equilibria 276 and 278. In this range of bias 
voltages, the system has a double-well potential 
structure which locally resembles that of a 
Duffing Oscillator. Thus, by reducing the 
stiffness of the structure, the net stiffness of 
the system becomes negative and the original 
equilibrium, point becomes unstedDle so that the 
structure will deflect to the left or to the right 
into one of the two equilibrium points 276 or 278. 
When a system with a double-well potential is 
excited by an external force, the system can 
display a seemingly chaotic or random behavior. 
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From the foregoing, it will be apparent 
that tuning actuators provide a mechanism for 
electromechanically altering the stiffness and 
thus the resonant frequency of a resonator. This 
5 technology can easily be included in an 
accelerometer to compensate for variations that 
occur in the fabrication process. The sensitivity 
of the accelerometer is tunable to a particular 
value, or the resonant frequency can be shifted to 

10 achieve a desired frequency response range. In 
the area of nonlinear oscillators, the resonator 
behavior is not limited to that of a Duffing 
Oscillator, for by sinusordally varying the bias 
voltage, the oscillator can be provided with a 

15 periodic stiffness. 

Thus, the present invention describes 
actuators which tune the resonant frequency of a 
micromechanical device to provide either a 
positive or a negative spring force which varies 

20 in accordance with the square of the applied 
voltage. In experiments, the resonance frequency 
has been tuned from 7.7% to 146% of the original, 
or natural value of the mechanical system, with 
the limits of the tuning being the 

25 electromechanical stability of the device and the 
dielectric breakdown strengths between the 
electrode metalization and the substrate. By 
applying a bias voltage greater than a certain 
critical bias voltage, a resonator with a 

30 stiffness reduction actuator exhibits a doul)le-- 
well potential. This technology can be used to 
tune the performance of resonant sensors, 
electromechanical filters, accelerometers, 
nonlinear oscillators, and the like. 
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Although the invention has been 
described in terms of preferred embodiments, it 
will be understood that the true spirit and scope 
of the invention is limited only by the following 
5 claims • 
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What Is Claimed Is : 

1. A micromechanical actuator, 

comprising 

a micromechanical structure having a 
5 first stationary component and a second component 
relatively movable with respect to said first 
component ; 

a first set of spaced-apart, 
substantially parallel comb-type electrode fingers 
10 mounted on said first component; 

a second set of spaced-apart, 
substantially parallel comb-type electrode fingers 
mounted on said second component, said fingers of 
said first and second sets being coplanar and in 
15 opposed, nonoverlapping relationship with a gap 
therebetween; and 

a bias voltage source connected across 
said first and second sets of electrodes to 
produce an electrostatic field therebetween. 

20 2. The actuator of claim 1, wherein 

said voltage source is variables. 

3. The actuator of claim 2, wherein 
said second component is movable along an axis, 
and wherein said gap is parallel to said axis. 

25 4. The actuator of claim 3, wherein 

said electrode fingers of said first set are 
offset from said electrode fingers of said second 
set. 

5. The actuator of claim 3, wherein 
30 said electrode fingers of said first set are 
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aligned with said electrode fingers of said second 
set. 

5. The actuator of claim 3, wherein 
said second component is a movable beam mounted 
5 within a cavity in a single crystal silicon 
substrate^ said first set of electrode fingers 
being integral with said s\ibstrate and said second 
set of electrode fingers being integral with said 
movable beam. 

10 6. The actuator of claim 5, wherein 

said relatively movable component has a natural 
mechanical stiffness, said voltage source being 
variable to adjust said stiffness. 

7. The actuator of claim 5, wherein 
said beam is mounted for motion by at least one 
spring arms . secured to said substrate, said 
movable beam, spring arm and second set of 
electrodes being movable at a natural frequency of 
resonance, said voltage source being adjustable to 
adjust said frequency of resonance. 

8. The actuator of claim 1, wherein 
said electrode fingers of said first set are 
aligned with said electrode fingers of said second 
set, said voltage source being variable to 

25 increase said resonant frequency. 

9. The actuator of claim 7, wherein 
said electrode fingers of said first set are 
offset from said electrode fingers of said second 
set, said voltage source being variable to reduce 

30 said resonant freqpiency. 
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10. The actuator of claim 9, wherein 
said voltage source provides a sufficiently high 
bias to said actuator to produce a double well 
potential . 

11- An electromicromechanical 

resonator^ comprising : 
a substrate; 

a micromechanical beam structure having 
micron-scale dimensions movable with respect to 
said substrate along an axis ; 

spring arms connected between said beam 
and said substrate, said spring arms and movable 
beam having a rest position and having a natural 
resonant frequency; 

first and second electrostatic 
actuators, each actuator having a first set of 
finger electrodes mounted on said beam, and each 
actuator having a second set of finger electrodes 
mounted on said substrate, said first emd second 
sets of electrodes each actuator being opposed and 
non- overlapping to provide a gap therebetween; and 

an adjustable bias voltage connected 
across each set of electrodes to adjust said 
resonant frequency. 

12. The resonator of claim 11, wherein 
the electrodes of said first set of finger 
electrodes for each actuator are aligned with 
corresponding electrodes of the second set of 
finger electrodes. 

13. The resonator of claim 11, wherein 
the electrodes of said first set of finger 
electrodes for each actuator are offset from 
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corresponding electrodes of the second set of 
finger electrodes, 

14. The resonator of claim 11, wherein 
said first and second actuators are coplanar and 

5 symmetrical, whereby said actuators provide no net 
force on said beam in the rest position, 

15. The resonator of claim 14, further 
including drive means for moving said beam at a 
frequency at or near said natural frequency. 

10 16. The resonator of claim 11, wherein 

said gap is parallel to said axis. 



17. The resonator of claim 11, wherein 
said gap is perpendicular to said axis. 
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